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Insects are capable of spectacular achievements through collective behavior, but examples of such behavior in fruit flies are rare. New research indicates that Drosophila larvae engage in coordinated digging to feed collectively.
Cooperation is key to the existence and success of many societies. The combined work of thousands of ants gives rise to complex colonies that compete in relative size with human cities. Primates can favor cooperation over competition [1] and humans have learned to team up to achieve incredible constructions from the first 'skyscrapers' erected to entomb Egyptian pharaohs to the artificial archipelago of Palm Jumeirah. Figure 1A ). This finding opens new exciting opportunities for elucidating the neural and evolutionary bases of collective animal behavior [5] . Upon hatching from an egg, a fly larva's raison d'eˆtre is feeding. In four days, a larva must increase its body mass by a factor of x200 [6] -a feat nearly equivalent to the foolish wish of the frog that aimed to be as big as an ox in Jean de La Fontaine's tale. Larval feeding involves the production and egestion of digestive enzymes out of the mouth to dissolve the food-to-be -a process crudely depicted in Cronenberg's 1986 horror movie The Fly. The action of the digestive enzymes is particularly effective when their egestion is pooled in a process termed 'social digestion' [7] . Social digestion softens hard food, thereby minimizing the energy spent on food shredding and ingestion. Furthermore, for a larva to stay at the surface of food poses the risk of desiccation under the sunlight and of encounters with predators, including ferocious parasitoid wasps [8] ; for this reason, larvae tend to immerse their body under the surface of whatever food they are consuming. The phenomenology of this behavior termed 'digging' has been examined recently [9] : digging larvae are positioned head down, with the posterior extremities of their breathing tubes (spiracles) exposed to the air at the substrate's interface ( Figure 1B ). During digging behavior, larvae can thus feed and breathe, while minimizing exposure to the hazards of the surface.
Drosophila aficionados are aware that larvae seem to dig in groups in food vials ( Figure 1A ), but little attention has been given to this phenomenon. Dombrovski, et al. [4] asked how the grouping of larvae comes about and whether it involves any form of coordination between individuals. To tackle these questions, the authors set off to monitor the digging behavior of larvae in a two-dimensional assay consisting of two glass slides between which food media was sandwiched. Groups of larvae form stable clusters of 10 to 100 individuals in this assay. Computer-assisted tracking led Dombrovski et al. [4] to conclude that neighboring larvae synchronize their patterns of digging behavior. As larvae gradually move downward, a well is formed. The growth of the well permits the larvae to access fresh and more nutritive food layers of the media. As the well becomes deeper and more fragile, its edges collapse. This collapse prevents larvae from breathing through their posterior spiracles. Disorganization of the cluster is likely to be triggered by lack of oxygen, which prompts a return to the surface [9] .
What mechanisms enable larvae to aggregate and to collectively dig in the substrate? Starting from freshly hatched larvae on a relatively hard substrate, individuals wander to identify the position of siblings (Figure 1Bi ). This aggregation process might result from a stochastic search driven by a simple attraction rule [10] . Consistent with this idea, speciesspecific pheromones have been found to attract larvae to each other [11] . Once collective digging is initiated (Figure 1Bii) , a minimal form of coordination is required to maintain the stability of the cluster. Because this coordination is not centrally planned, it must arise from the integration of sensory cues that allow single larvae to adjust their behavior to the environment ( Figure 1C) . While chemosensation plays a key role in the aggregation of larvae through the perception of pheromones [11, 12] , it does not appear to contribute to digging behavior per se.
In earlier work, Condron and coworkers [13] showed that the primitive visual system of the larva -an organ composed of only 12 photoreceptors -mediates responses to surprisingly complex visual stimuli associated with the light patterns produced by the movement of neighboring larvae. In their most recent work [4] , Condron and his team provide compelling evidence that vision participates in the synchronization of digging larvae. In adult flies, inter-fly tactile contacts are sufficient to produce avoidance behavior [14] . (Bi) Shortly after their emergence from the egg, young larvae wander on the food media (orange color). Through a search process directed by pheromone molecules [11] , larvae aggregate on the surface. (Bii) Groups of larvae dig into the food media. The posterior spiracles -extremities of the breathing tubes that traverse the whole body -remain in contact with the surface. Using the spiracles as ''snorkeling'' devices, larvae feed through regular contractions of their mouth hooks [4, 9] . Production of digestive enzymes softens the food media (yellow color), thereby facilitating digging and feeding.
(Biii) Occasionally a cluster of larvae breaks apart. It is possible that the lack of oxygen within the cluster is a factor that triggers the dissociation of the group. (C) To create and maintain an organized cluster, larvae must synchronize the phase of their periodic mouth-hook contractions. Dombrovski et al. [4] found that coordinated digging behavior requires visual cues; mechanosensory cues associated with the movement of neighboring larvae and/or the meniscus of the substrate might play a coordinating role as well. (D) We suggest that the behavior of digging larvae can be approximated as harmonic oscillators. The Kuramoto model describes the behavior of a large set of nearly identical and weakly coupled oscillators. The phase of a given oscillator f i changes because of its intrinsic frequency u i and its coupling to the other oscillators. When the coupling constant C is sufficiently strong, the group of oscillators can synchronize [3] .
Whether similar mechanosensory cues produce the opposite response and coordinate social digging in larvae remains to be evaluated. Mathematical models have been proposed to explain how the integration of sensory inputs coordinates collective motor behaviors [3] . One of the simplest models was developed in 1984 by Yoshiki Kuramoto [15, 16] to study the collective behavior of a series of weakly coupled oscillators. In this model, each oscillator tends to adjust its frequency to the average frequency of the group; if the difference in initial frequencies is not too large and the type of inter-oscillator coupling is sufficiently strong, the ensemble of oscillators converges to a state of synchrony in which all oscillators adopt the same frequency. Among many applications, this model elegantly explains the emergence of synchronous clapping in concert halls. Moreover, it can predict conditions under which an enthusiastic audience will cycle between periods of synchronous and asynchronous clapping [3] . We suggest that a model of this type might explain the alternation of digging larvae between stable feeding clusters and disorganized clusters that eventually disband. Movies presented by Dombrovski et al. [4] provide a striking illustration of the bistability of this system. We speculate that individual larvae could be modeled as small oscillators that vibrate in the culture media ( Figure 1D ). The feedback that couples each oscillator -each larva -to its environment and the initial oscillation frequency are parameters that would determine the emerging dynamics of the cluster. Mechanosensory and visual inputs are good candidates to couple these oscillators. When the strength of the coupling is sufficient, the system would adopt and maintain a stable order ( Figure 1Bii) ; otherwise coordination fails (Figure 1Biii) .
In future work, it will be exciting to test the relevance of Kuramoto's model to the social digging behavior described by Dombrovski et al. [4] . The model would provide a quantitative framework to unravel principles of neural-circuit computation that underlie the use of sensory signals to direct social behavior. According to the observations of Dombrovski et al. [4] , the sensorimotor coupling underlying social digging might not be entirely innate, but acquired through the exposure to other larvae during development. Larvae do not behave like robots programmed with rigorously the same control algorithm. Adult flies have different 'personalities' [17] and the same level of idiosyncrasy is expected for larvae. Kuramoto's model should help predict how much tolerance exists in the response of individual larvae to the behavior of its neighbors. Further analysis of the collective behavior of digging larvae will reveal if individuals respond to the meniscus of the substrate, which could synchronize the movement of the whole cluster.
Finally, the work of Dombrovski et al. [4] opens fascinating evolutionary perspectives: do all species of the Drosophila group display the ability to engage in social digging? Behavioral variability is expected from the observation that larvae of Drosophila simulans, a species closely related to Drosophila melanogaster, does not strongly aggregate [18] . Following pioneering work on the genetic basis of natural variations in the burrowing of rodents [19] , it is compelling to search for the genetic determinants of differences in digging behavior of Drosophila larvae. The recent discovery that humble maggots engage in collective behavior creates a new incentive for scientists from different disciplines to coordinate their efforts and to dig into a question that is ripe for major advance: how do social interactions emerge from the interactions of elementary brains?
